DNA methylation, one of the main epigenetic mechanisms to regulate gene expression, appears to be involved in the development of schizophrenia (SZ). In this study, we investigated 7562 DNA methylation markers in blood from 98 SZ patients and 108 healthy controls. A linear regression model including age, gender, race, alcohol, nicotine and cannabis use status, and diagnosis was implemented to identify C-phosphate-G (CpG) sites significantly associated with diagnosis. These CpG sites were further validated using an independent data set. Sixteen CpG sites were identified with hyper-or hypomethylation in patients. A further verification of expression of the corresponding genes identified 7 genes whose expression levels were also significantly altered in patients. While such altered methylation patterns showed no correlation with disorganized symptoms and negative symptoms in patients, 11 CpG sites significantly correlated with reality distortion symptoms. The direction of the correlations indicates that methylation changes possibly play a protective mechanism to lessen delusion and hallucination symptoms in patients. Pathway analyses showed that the most significant biological function of the differentially methylated CpGs is inflammatory response with CD224, LAX1, TXK, PRF1, CD7, MPG, and MPO genes directly involved in activations of T cells, B cells, and natural killer cells or in cytotoxic reaction. Our results suggest that such methylation changes may modulate aspects of the immune response and hence protect against the neurobiological substrate of reality distortion symptoms in SZ patients.
Introduction
It has been generally accepted that both genetic and environmental factors play a significant role in schizophrenia (SZ). However, as a complex genetic disorder, the epigenetic role in the development of SZ has been recognized in recent years, after first being proposed and modeled by Petronis. 1 DNA methylation as one of the main epigenetic mechanisms regulates the expression of genes across the life span. The best known mechanism involves methylation of C-phosphate-G (CpG) dinucleotides within the promoter region of a gene, which silences or downregulates the expression of the gene. It has shown functions in embryonic development, 2 X-chromosome inactivation, genomic imprinting, 3 and preservation of chromosome stability. 4 It is not surprising that DNA methylation may mediate environmental influences on gene expression related to SZ [5] [6] [7] [8] and a epigenetic model may integrate diverse empirical data into a powerful SZ pathogenetic synthesis. 9 In addition to several gene-specific methylation studies of SZ using postmortem brain tissue, [10] [11] [12] [13] [14] a methylome-wide study of the frontal cortex strongly supported the epigenetic theory of major psychosis, in particular SZ. 15 It is important to know whether, or to what extent, the easily accessible peripheral tissues such as blood can act as a surrogate to study the intersubject phenotypic variation, ie, whether methylation change in blood can indicate the status of SZ patients. A recent study by Davies et al 16 analyzed DNA methylome-wide profiling across tissues and found that the interindividual differences of DNA methylation are significantly correlated across blood and brain. The correlation between blood and cerebellum was 0.76, and it was 0.66 between blood and cortex. This study together with other studies 11, [17] [18] [19] [20] supports the validity for the investigation of blood DNA methylation in SZ.
Few studies have used blood DNA methylation to identify potential biomarkers for SZ disease status. 21, 22 Global hypomethylation in leukocytes has characterized SZ patients in 2 studies, 23, 24 and some genes with hyperor hypomethylation in blood were also reported 21, 23 in SZ patients. Yet, the epigenetic study of SZ is still in its early phase. The mechanism by which methylation interacts with genetic and environment factors to regulate or reflect to the progress of SZ is far from clear. We believe that by incorporating methylation, gene expression, and psychopathology related to SZ we can derive informative findings to help understand the role of methylation change in SZ. In this study, we have tested SZ diagnostic effect on DNA methylation at each CpG site across the genome in 98 SZ patients and 108 healthy controls. Independent data sets were used to validate methylation changes and to investigate the corresponding gene expression changes. Furthermore, we evaluated the association of altered methylation patterns with symptoms of patients.
Methods

Participants
Participants in this study come from the Mind Clinical Imaging Consortium, a collaborative effort of 4 research sites. Site information and enrollment for SZ patients and healthy controls are explained in online supplementary text. Ninety-eight SZ patients and 108 healthy controls were analyzed here. As listed in table 1, no significant difference was observed in age and gender between patients and controls. Significantly more African Americans were enrolled as patients than controls, which we controlled for in our regression model. Alcohol and cannabis use were assessed by 2 categories: (1) abuse or dependence (not active during the month previous to the study) and (2) never abused or dependent. Nicotine use was measured by calculated Pack_Years, as done by Cullen et al. 25 Summaries of symptom measures and medication status for patients are also listed in table 1. Patients symptoms were assessed by the Scale of the Assessment of Positive Symptoms and the Scale of the Assessment of Negative symptoms. 26, 27 Reality distortion symptom score is the sum of the global ratings of delusions and hallucinations, and disorganized symptom score is the sum of the global ratings of bizarre behavior and positive formal thought disorder. The sum of the global ratings of affective flattening, alogia, avolition-apathy, and anhedonia-asociality is the negative symptom score.
DNA Methylation Assay
DNA from blood samples was assessed by the Illumina Infinium Methylation27 Assay. A methylation value, beta (β), represents the ratio of the methylated probe intensity to the total probe intensity. A series of quality controls on the beta values were applied to remove bad samples and probes (see online supplementary text). Then, 7562 "variable probes" 21 in autosomes were selected for association analyses. Variable probes are defined by calculating the mean of the SD of beta values of all probes and selecting those with SD larger than the mean SD value. 21 
Genomic Methylation Analyses for SZ Association
Methylation has been shown to be affected by the interplay between genetic and environmental factors and has shown to differ under various conditions, including age, 28, 29 gender, 30 race, 31 diet, and lifestyle. [32] [33] [34] The impact of nicotine and alcohol use on DNA methylation has been specifically studied, and both global change and changes in specific genes have been reported in various tissues. [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] Albeit there have been no direct studies of cannabis use on methylation, it is conceivable and has been hypothesized 45 that a similar effect may occur. Considering such potential confounding factors, we applied to each CpG site a linear regression model: β = α 1 Age + α 2 Gender + α 3 Race + α 4 Alcohol_Use + α 5 Cannabis_Use + α 6 Pack_Years + α 7 Diagnosis + ε. We calculated the significance of diagnosis effect and its effect size: a delta-β (Δβ) value represents the mean difference in methylation between SZ patients and controls after correcting for the covariates. To identify the CpG sites associated with SZ diagnosis, we applied similar criteria as in the study of Dempster et al, 21 requiring both significance P value <.0001 and effect size Δβ > 0.02.
Validation on Methylation Changes
A public Gene Expression Omnibus (GEO) data GSE-41037 were used for validation. These data include DNA methylation profiling of whole blood in 325 SZ patients and 394 healthy subjects, assessed by the same Illumina Infinium Methylation27 Assay. This sample comprises 446 males and 273 females with an average age of 37 ± 16 years. Without substance use information, a simple linear regression with diagnosis, age, and gender was used to validate SZ association of identified methylation sites in our data. A P value less than .05 for diagnosis effect was required for validation.
Gene Expression Verification
A public GEO data, GSE38484, were used for verification of gene expression changes. These data include gene expression profiles in whole blood of 106 SZ patients and 96 controls. The verification was only applied to validated methylation sites, using a linear regression model with age, gender, and diagnosis as independent variables, followed by a permutation test. The details are proved in online supplementary text.
Medication and Symptoms Tests
Medication measures include the current chlorpromazine equivalent dosage, 46 and 7 separate binary variables indicating the current use of haloperidol, risperidone, clozapine, olanzapine, quetiapine, aripiprazole, and histone deacetylases inhibitors (divalproex and valproic acid). In addition, duration of illness was also tested to capture the effect of chronicity. Symptoms included reality distortion symptoms, disorganized symptoms, negative symptoms, and age of onset. Correlations between methylation values of validated sites and such medication and symptom variables were calculated. A P value less than .05 was considered significant for any potential correlation. Furthermore, we conducted permutation tests, through randomly selecting a set of CpG sites equal in number to the validated sites and calculating the chance the number of correlated CpG sites was the same or higher than that found from the validated methylation sites.
Pathway and Network Analysis
Interactive pathway analyses (IPA) from Ingenuity Systems (http://www.ingenuity.com) was used to assess the validated methylation-altered genes for the enrichment of gene networks, canonical pathways, and biological processes. Enrichment for specific pathways, networks, or functions was determined relative to the Ingenuity Knowledge Base, a repository of biological interactions and functional annotations created from millions of individually modeled relationships between proteins, genes, complexes, cells, tissues, drugs, and diseases.
Results
In our data of 98 SZ patients and 108 healthy controls, we identified 20 CpG sites associated with SZ diagnosis (P < .0001, and absolute Δβ > 0.02), after controlling for age, gender, race, alcohol, cannabis, and nicotine use. During the validation test, 14 CpG sites showed patient vs control group differences with P < .05 and 2 sites showed marginal difference with P values <.06. These 16 sites presented the same altered hyper-or hypomethylation in patients in the validation data as in our discovery data, as shown by Δβ (SZ patients − controls) in table 2. Hereafter, we consider these 16 sites from 16 genes as validated methylation-altered sites, on which further gene expression verification, medication effect, symptom association, and pathway analyses were conducted. The full names of these genes are provided in online supplementary text.
From the gene expression verification test, 7 genes showed marked expression changes with P < .05 (shown in bold in the gene expression column in table 2) with CD244, LAX1, PRF1, FAM173A, CBFA2T3, and CD7 upregulated and TCN1 downregulated in patients. According to the 100 000 permutation test on randomly selected 16 genes, the chance of having 7 or more genes with significant SZ-related up-or downregulation is less than 0.05. Five of these changes followed the direction of hypomethylation to upregulation and hypermethylation to downregulation, eg, SZ patients showed hypomethylation at the CpG site in TCN1 and corresponding upregulation of TCN1 gene expression. Two genes, CD244 and CBFA2T3, presented downregulation with hypomethylation.
When testing medication effects, the methylation of gene MS4A1 presented a significant association with current chlorpromazine equivalent dosage (P = .01). Higher dosage correlated to higher methylation values, leading to the same direction as SZ-related hypermethylation. Thus, MS4A1 hypermethylation observed in patients may be due to medication. Therefore, we removed MS4A1 from the genetic pathway analyses of SZ methylation-altered genes. Out of 7 types of psychiatric medications, only quetiapine showed an effect on methylation patterns of CD244, PRF1, APBA2, FAM173A, CBFA2T3, and CD7, where use of quetiapine was linked to methylation change counteracting the SZ related hyper-or hypomethylation. A post hoc test showed that the use of quetiapine was not correlated to any symptom scores (P > .38). Regarding illness duration, genes MPG and SLC25A10 showed significant correlations with P = .015 and P = .003, respectively. The longer the duration of illness, the higher the methylation value. This hypermethylation effect is opposite to the hypomethylation observed in patients, suggesting that illness duration may reflect a mixture of prolonged medication exposure and/or a saturation effect.
Out of the 16 sites, none were correlated with disorganized symptoms or negative symptoms. In contrast, 11 CpG sites were significantly correlated with reality distortion symptoms, which are shown as P values in bold in the last column in table 2. The 100 000 permutation test showed that the chance of having 11 or more sites associated with reality distortion symptoms is less than 1.0 × 10 −6
. We plotted the slopes between reality distortion symptom scores and methylation beta values in figure 1 , as well as the mean values for both patients and controls. Seven sites from genes LAX1, TXK, PRF1, APBA2, FAM173A, CD7, and CKM, showed that SZ patients were on average hypermethylated with higher mean beta values than controls; the higher the beta values patients had, the lower the reality distortion symptom scores were. In the other 4 CpG sites from genes CD244, TCN1, CBFA2T3, and MPG, SZ patients were on average hypomethylated with lower mean beta values than controls, and the lower the beta values, the lower the reality distortion symptom scores. Therefore, from the relative position of mean differences and the slope direction, it can be seen that the altered hyper-or hypomethylation observed in SZ patients relates to lower reality distortion symptom scores. In addition, methylation of CBFA2T3 also correlated to age of onset (P = .028); late onset was linked to low methylation values, suggesting that hypomethylation in patients delays symptom onset.
Removing 1 gene, MS4A1, IPA revealed the most significant network of hematological development and function from methylation-altered genes, involving activation of lymphocytes (CD244, CD7, LAX1, and PRF1), activation of T cells (CD7, LAX1, PRF1, and TXK), activation of natural killer cells (CD224 and PRF1), activation of B cells (LAX1), and differentiation of granulocytes (CBF2T3). These genes together with genes MPO and MPG, involved in cytotoxic reaction, formed the most significant biological function, the inflammatory response (P = 7.0 × 10 −6 ).
Discussion
Given the known effect on methylation from age, gender, ethnicity, substance use, and comorbidity between SZ and substance abuse, we implemented a full regression model to account for possible confounding factors. The 16 CpG sites not only presented significant association with SZ diagnosis after controlling for confounding factors in our data but also presented the same hyper-or hypomethylation in patients in an independent data set with a significance P value close to or less than .05. The significance criteria used in our discovery data are not strictly Bonferroni corrected. Instead, it is a combination of P < .0001 and effect size Δβ > 0.02. This practice 21 provides a balanced control for false-positive and false-negative results. Using our data as an example, 2 CpG sites associated with diagnosis in the discovery group (P = 4.6 × 10 −6 and 5.5 × 10 −6 , passing Bonferroni correction, and Δβ < 0.02) could not be replicated with the validation group with P = .28 and .39. These 2 sites are likely false positives. In contrast, 1 CpG site (cg03636183) residing in F2RL3 showed an association with Pack_Years of P = 2.1 × 10 −5 , failing Bonferroni correction, but its connection with smoking has been reported and replicated in different studies. 38, 40 Thus, strict Bonferroni correction will likely cause a false-negative finding in this case. We believe that by using combined P value and effect size as criteria, plus validation tests, we are able to identify with confidence the altered methylation associated with SZ diagnosis.
To further probe the biological effect of altered methylation patterns, we tested their corresponding gene expression changes. Seven genes were significantly up-or downregulated in SZ patients with P < .05. Five CpG sites were located near to transcription start sites (TSS), ranging from 144 to 705 base pairs away, and their corresponding gene expression changes followed the direction of hypermethylation to downregulation and hypomethylation to upregulation, which reflects a common methylation regulation effect. The other 2 CpG sites in genes CD244 and CBFA2T3, located 915 and 1121 base pairs away from their TSS, respectively, were hypomethylated in patients, and their gene expression were downregulated. Given only 1 CpG site for each gene was measured in our data, we were unable to explore the exact mechanisms of gene expression change. However, the changes that we observed provides further evidence that altered methylation patterns in patients may affect downstream cellular change and further influence behavioral or clinical symptoms.
Our correlation tests with symptoms showed pronounced associations of methylation with reality distortion symptoms, while no connection with disorganized and negative symptoms. Eleven CpG sites were correlated with reality distortion symptoms, which occurred well below chance (P < 1.0 × 10 −6 ). As illustrated in figure 1 , for the 7 sites, which were hypermethylated in patients, increased methylation was associated with lower reality distortion symptom scores. For the 4 sites, which were hypomethylated in patients, decreased methylation was associated with lower reality distortion symptom scores. The 11 sites present that the altered methylation is related to a lower reality distortion symptom score. Though we cannot prove causality, the results are consistent with methylation changes being a responsive or protective biological reaction to counteract delusion and hallucination symptoms. The same suggestion can be drawn from the correlation of CBFA2T3 hypomethylation with age of onset, whereby the SZ-related hypomethylation delays illness onset.
This suggestion is further strengthened by the genetic function analyses. In particular, genes involved directly in the inflammatory response provide a possible biological pathway to react to or participate in the pathological changes of SZ. Our findings that the methylation of these genes, related to inflammatory processes and reality distortion symptoms in the SZ group, converges with several lines of evidence regarding the importance of inflammatory processes in SZ. Doorduin et al, 47 using positron emission tomography, documented increased microglial activation in the hippocampus of SZ subjects with significant positive symptoms. Moreover, antipsychotic drugs have been reported to modulate microglial activation and inhibit the production of various cytokines in the brain. 48, 49 In addition, a variety of anti-inflammatory drugs, like celocoxib, minocycline, and aspirin, appear to have antipsychotic properties. [50] [51] [52] [53] It is possible that the immune-modulating effects on psychotic symptoms are in part through gene expression change (specifically downregulation confirmed by our study) regulated by hypermethylation of LAX1, TXK, PRF1, CD7, and CKM and hypomethylation of CD244, CBFA2T3, and MPG. It is also noteworthy that gene TCN1 encodes a vitamin B12-binding protein that facilitates the transport of B12 into cells. Our data suggest that upregulation of TCN1 expression by hypomethylation in SZ patients reduces reality distortion symptoms, consistent with the observation of B12 deficiency-induced SZ-like symptoms. 54, 55 Regarding medication influence, our test showed that hypermethylation of MS4A1 in patients was significantly influenced by medication dosage. Therefore, it was removed for genetic analyses. The use of quetiapine in patients decreased the SZ-associated hyper-or hypomethylation and was not related to symptoms. Therefore, we believe that the hyper-or hypomethylation acting against reality distortion symptoms in patients is not an effect of the medication.
The cross-sectional nature of this study limits causal inferences. Recently, Davies et al 16 reported a set of genes in neurodevelopment and neuronal differentiation functional pathways differentially methylated across blood, brain, and regions of brain in a healthy population. 16 We tested whether this set of genes better relates to SZ or SZ symptoms. We found no significant results (for details see online supplementary text), suggesting that these genes are more sensitive to healthy brain development than to SZ. We speculate that the methylation patterns we identified in blood related to inflammation may correspond to similar methylation patterns in brain tissue, as demonstrated by high correlation of interindividual variation across brain and blood. 16 Future postmortem methylation studies and longitudinal studies assessing the relationship between symptoms and methylation would provide important mechanistic information.
Our study comes with a number of limitations. One main limitation is that methylation value derived from whole blood presents a mixture of various leukocyte subtypes. As reported by Reinius et al, 56 methylation differs between leukocyte subtypes, and methylation patterns in whole blood can be different from that in specific cell types. Our findings regarding methylation in whole blood can be partially confounded by various proportions of leukocyte subtypes. Further study is necessary to confirm the relation between methylation of inflammation genes with SZ. Second, measures from Illumina Methylation27 Assay were not confirmed by a different platform due to inadequate DNA quantity. However, Breitling and colleagues 38 utilized Sequenom MALDI-TOF mass spectrometry to verify the pattern detected by Illumina Methylation27 Assay and arrived at similar results. Alternatively, we used an independent sample to validate the methylation pattern. Third, gene expression data to verify the methylation functional effect were drawn from different samples. It may reduce the direct connection between methylation and gene expression change, but the expression change we have observed in a different sample still provides, to an extent, evidence of methylation regulation effect. Fourth, we investigated DNA methylation of peripheral blood sample, where methylation of brain tissue may be more directly related to schizophrenic symptoms. The last limitation is that methylation can be potentially affected by many environmental factors, such as diet, medication, and lifestyle. We do not have accurate chronic medication dosage measures to precisely assess chronic medication effect though we have used current medication dosage and illness duration to provide some indications. We have tested the effect of body mass index (BMI) by adding BMI into the regression model, which did not change our results. We also tested the interaction terms between alcohol, cannabis, and nicotine use and diagnosis, but neither interaction term changed results.
In summary, DNA methylation of some genes, mainly related to inflammation, in blood is significantly altered in SZ patients, and this hyper-or hypomethylation pattern also protects against reality distortion symptoms. Our data provide evidence for the functional impact of methylation in SZ, and a potential pathway through epigenetic regulation, which has been hypothesized earlier.
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